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Tliis report  is a suTnynorv of the   results  of a  verier 
of  experiments or.  one-dinensioGal blast  wave propa- 
gation in  steeltubes,  diameter 5 cm and  20 err,   ir   a 
concrete  tube  of diameter 80 cm  and in   Q tunnel   ir. 
rock of  effective  diameter 6  m.     The  blast v/aver 
originatea   from detonatior  o;'   ' l,f  chargop  ylv^cr   ir. 
the  center of tue tubes/tunnel,    üleasurements of 
pressure time history,   employing piezoelectric 
pressure  transducers,   sho'w that  frontpressure,   im- 
pulse,  positive duration  and   cimc  of  arrival   rcalei 
according to common  one-dimensional  .-.ca_^nr   laws 
for  small  distances,  L/D,   expressed  in  diameter 
units,   and  for longer distances gave deviations 
v/ith L/D more or less as parameter.     The  effects 
of varying wall rourhncr, is  not.  investigated   j.n 
detail,   but  estimates of exponential camping  "or- 
stants  are  riven. 
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NOMENCLATURE 

C attenuation constant defined in text 

D major inside tube/tunnel diameter 

e averaged absolute wall roughness 

e/D''100% rel, wall roughness in % 

I impulse of positive pressure front 

A reduced impulse 

k0 scaling factor 

k^ attenuation constant defined in text 

k D(dP/dx)/P 

1 thickness of plane charge in tube 

L distance charge-observation point 

P side-on front pressure (atm) 

Pfl0 unattenuated scaled pressure 

PpQ pressure at L/D ■ 20 

Pair^^ averaged pressure-time profile 

Q charge weight (TNT) 

t time of arrival of blast front a 

t+ duration of overpressure 
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The success of any physical investi- 
gation depends on the judicious 
selection of what is to be observed 
as of primary importance,  combined 
with a voluntary abstraction of the 
mind from those features which, 
however,  attractive they may appear, 
we are not yet sufficiently advanced 
in science to investigate with pro- 
fit. 

J. Clerk Maxwell 

I.     INTRODUCTION 

The need for blast load prediction methods in tunnel 
configurations has long been recognized.    This need 
hac become acute because of military underground 
defence construction projects, civil tunnel construc- 
tions for roads and water and transport-tunnels  at 
the factories for explosives. 

This report presents the results of a series of ex- 
periments on one-dimensional blast wave propagation 
in steeltubes, diameter 5 cm and 20 cm, in a con- 
crete tube of diameter 80 cm and finally in a tunnel 
in rock of effective diameter 6 m. The blast waves 
originated from detonation of TNT charges placed in 
the center of the tubes/tunnel. 

The experimental program was devoted to a study of 
the validity of common scaling laws and the attenua- 
tion of plane blast waves.     The discussion and re- 
sults are presented in rather simple terms intended 
to give the reader a physical picture of the phenomena 
which occur.    The detailed discussion of the problem 
would be exceedingly complex and beyond the scope of 
this report.    This report is therefore not claimed 
to be a strict  scientific one, but rather a survey 
with some  rules  for thumb  for people  in charge  of 
planning  and design of constructions mentioned  above. 
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II. SCALING 

II.1      2i5S5Si2S£l_§52iZ^i£ 
If all parts of a model have the  same  shapes as 
corresponding parts of the prototype,   the two 
systems have geometrical  similarity.    There is 
then a point-to-point  correspondance between 
model  and prototype. 

When numerical values  from measurements in model 
are transforrced  to the  prototype,  we must  consider 
the independent variable in the problem.     A dimen- 
sional analysis of the  relationship invariably 
leads to an eruation of the form 

(II.1)      a =  f(a1,   a2,       an) 

where the  a's are  a complete set of dimensionless 
products./1/.     In most  cases is it impossible to 
get complete  similarity in a model  test.     There- 
fore we may let  some of the  independent variables, 
which are thought  to be of secondary  influence 
on the phenomenons to be investigated,  diverge from 
their correct value. 

In two systems - prototype and model - one may 
choose homologous  cartesian systems of axis  (x, 
y,   z)  and  (x*, y',   z').     Suppose one couples 
the two systems together such that homologous 
points and times  are defined by 

x*   = k     •   x 

Z '     =    k       •    Z 
Z 

f     =   kt    •    t 

The constants k , k and k are the scaling factors 

for the lengths in x, y and z direction.  k. is 

the time scaling factor. 

The general expression for similarity can be defin- 
ed from two abstract scalar functions f(x, y, z, 
t) and f'Cx", y1, z', t'): 

It is a similarity between the functions f' and f 
if tho ratio f'/f is a constant and the functions 
are evaluated at homologous points and times. The 
scaling factor for the function f is: 

.. , 
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(II.5) kf « V/t 

In the evaluation of scaling-laws for a system It 
Is often useful to find: 
a) The  independent variables which are of import- 

ance for the experiment. 

b) Perform a dimensional analysis of the variables 
and find invariant products. 

c) Und the scaling factor for transformation from 
model to prototype. 

II. 2    The^rincigle^of^similarit j_in_one-dimensional_blast 

The practical importance of the principle of simi- 
larity lies in the economy of effort it permits in 
determining the properties of blast waves and in 
the predictions it makes possible of the effect of 
changed scale. 

Once the form of a function is found experimentallyf 
pressure  say,  over a range of either distance or 
cnarge  size only, its value for other weights or 
distances is known. 

In order to check the validity of this proposition, 
let us change the  scales of measurements of both 
length L>,  and time txj by a factor k   ,  i.e.  Lp = 
k0L1,  tg » k0t^ .    The principle of  similarity 
asserts that the pressure and other properties of 
the blast wave  will be unchanged if the dimensions 
of the charge Q are charged by the   same factor k  , 
or refering to  fig II.1 the thickness of a plane 
charge in tube is changed from 1^  to I2 B k0»  1^,. 

This is justified by the fact that  the Euler equa- 
tions and the Rankine-Hugoniot equations describing 
the blast wave if viscosity and heat conduction 
can be neglected,  are satisfied by all  sets of 
values of L,  t  and 1 as the scaling factor k0cancels 
out as all the derivatives are of first order. 

This is discussed in detail in ref /2/, 
Prom this we may conclude that if the principle 
of similarity is true at any value   (L^, t^),  e.g., 
pressure PCr,,,   t1)  -   PCk^,  k^)   =. P(r2,  t2),  it 
is true for all values of L and t. 

. 
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The validity of the principle therefore depends on 
whether similarity 5.s found to hold true in the 
initial  stages  of tie explosion. 

J,.I*J* 1***1 itt4UUUMUmUiU U ti 

Plane charges /* Front pressure 

Fig 11,1    Plane charges_filling_the_whole_tube 

\ 

The fact that the pressure and other properties are 
unchanred if the linear dimensions of the source 
and scales of length and time are all changed in 
the same ratio, does not of course specify what the 
values are without other informations, hut experi- 
ments may give the functional dependence  The 
principle can be satisfied only if the pressure 
depends on distance and time only as a function of 
the ratios 1/L, t/1 and hence the frontpressure may 
he expressed as 

(II.'0 p - fCj) 

Another important property of such a blast wave is 
the impulse. For unit area of the wave front the 
impulse I is given by 

tj 

(II.5) I(L, t') = f p(L, t)dt 

where the origin of time is taken to be arrival of 
blast front at L. The time t' to which the inte- 
gration is carried  out   should be taken proportional 
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to the   scaÜrig-factor and we  write t*   = A  •   1  where 
A is  a  function only  of I/IJ»   and  the pressure  P 
depends  on  T- and  t  only hy   the  ratios  lA»   t/1. 

hence 

A(|) 

(II.G)  I  (L,   t'}   .  1-    /     v^h   l^  d   (t) 

and  the  integral being1 a function only of l/L,   we 
obtain 

(II.7)  I  (L,   t)  =   1 g i. **] 
where  p is  an undetermined   function. 
The impulse reas^red  for proportional   distance  and 
tlue  scales is therefore proportio: al   to 
'üxension 1. 

he   linear 

If one  ^etonates a spherical  charge,  0,,  in  a tube, 
the detonation  generates  a blast  wave which more 
and more gets  the  character of   a    ore-dimensional 
wave when it propagates down the tube  (fig II.3). 

J-LO. 
* 3 * 

^Cg) 

^pherical charges / Tront pressure 

**'" '"*4»S- •"■''•""■ """ " ■ '"fail nßtt H i niH   i M ni 

 #V8) i A 
ffftff}} }}}} * t f t tJ > f** 'T' ' fnftrfftftrytfttfrffffi r ffin 

2 - 

Fig 11,2 Si-herical_charges_in_tubes 

Since the linear dimensions of a charge are pro- 
portional to the cube root of the volume and hence 
weight Q the thickness 1 in fig II.' lr  given as 
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(II.8)   loc^r 
D2 

From the previous v/e are now prepared to write 
the scaling laws for the most important blast 
wave parameters. 

2 
(II.9) Pressure:       p « f (^-) 

2 
(11.10) Impulse:    -^-x    = g (StfL) 

Q/D2 L 

Positive duration (or duration of overpressure): 

(11.11) —^ =h(^) 
Q/D2 ^^ 

Arrival  time  of preestirc front   (or tir.e from de- 
tonation to blast wave reaches distance l): 

o 
Here f,   g, h and i  are unknown function of Q/LD   , 
(shortened equivaiont charge weight  Q»)  and may 
hopefully be determined by e:rperijionbc. 
Experiments  on this has been done in Sweden 
ref.  /3/. 

II, 3      ^tt enuat i on-in_l ong_t unnel s. 
A blasb  wave  is  a physical discontinuity which is 
propagated through a suitable clastic  fluid v/ith 
a characteristic  ruperconic velocity I« (Mach 
number),    '«'/hen the medium exhibits  energy dissipa- 
tive effects  such as viscosity and thernal con- 
ductiviby,  a reduction in the magnitude of these 
discontinuities and an increase  in the length of 
the discontinuous region occurs. 

An added  attenuation is introduced when the blast 
wave is   confined   to the interior of a bounded 
medium  such as a tube.    The added factor may be 
separated  into tv/o contributions,  one being 
characteristic  of the fact that  the blast wave 
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is generated fron detonation of more or less 
spherical  charges within the tube itself,   and 
the other being characteristic of the walls and 
the strength of the blast wave. 

The first type of attenuation gives a pressure de- 
crement which is very steep and is in effect the 
first  few tube diameters in traversed distance 
(fig 11,5). 

r W < <-< A<iW ^i({i{ i i S/SS'fJ'ssJ    a    S 

1 i    i     i    <   < <  i 

*> 
Onedlmensional 

wave 

Charge 
Mach stem. 

Fig-,   11,3.    Blast  wave  formaticn inside  a  tube 

The pressure across the  shock  front attenuatep  as 
it  travels down the tube due also to the  frictional 
losses  on the walls of  the tube.    For very  short 
tunnel  lengths,  i.e.   for tunnels v.'hose lengths are 
not very many times greater than the diameter voi 
its average cross-sectional  diameter for the  tunnel) 
attenuation due to wall  roughness is very  email. 
However,   for long tunnels having lengthi equal  to 
about  30 or more diameters,   significant  attenuation 
of the blast wave should be  expected.    One  of the 
primary aims of this program is to experimentally 
determine the magnitude  of this attenuation. 

i log p 
Correct  scaling without  losses 
With losses,  large L/D-values 

Increasing L/D 

log Q, 

Fig.  IIA.    5£Y^5ti2Ii_£E22_il§al_icä-1-;i•nS• 
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Without wall attenuation and different  other dissip^tive 
effects for different tubes/tunnels and  charges,   the ex- 
perimental points for front pressure versus equivalent 
charge after eq (II.9)   should lie on one  smooth curve as 
shown in fig.   II.4.    Attenuation due to wall roughness 
would move this  curve with L/D more or less as parameter 
for one type of tube and  roughness.    This comes about 
from principle of  similarity described  in part 11,2, 
which evidently fails in  any circumstances for forces 
not  scaling geometrically.     One such force is  the effects 
of viscosity which gives  rise to terms of  second  order 
derivatives in the equation of motion,   and with this the 
equation of motion is not  satisfied on substituting 
p(koLl,kot-i)  etc for p(Li,ti)  etc. 

At tho last front,   processes similar in effect to mac- 
roscopic viscosity and thermal conduction must be signi- 
ficant,  but this  turns out to be of no practical signi- 
ficance to the applicability of the principle of simi- 
larity. 

For the tunnel the effective diameter is taJcen as D = 
(4A/ll)i, wliere A is the  tunnel area,   applicable for 
scaling of length in frictionless flow.    Fricxion effects, 
however,   depend   on the length of the  tunnel periphery C 
in contact with the moving gas,  and the effective dia- 
meter is more properly C/II.    In our case,   however,  the 
tunnel diameter was not defind better than difference 
between the two  definitions because of somewhat varying 
tunnel diameter. 
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III.       TEST    PROGRAM 

III.1 

Tube/Tunnel 

General 
The tubes used were chosen as to make  a rough 
test  of the validity of common scaling laws.    As 
our Office of Test  and Development neither had 
the money nor the time to make extensive tests, 
only steeltubes  of diameter 5 and 20 cm,   a con- 
crete tube of diameter 80 cm and  a tunnel  in rock 
of effective diameter r00 cm with constant  rough- 
ness for each tube/tunnel were used. 

General test descriptions for these  series of 
experiments are tabulated in table 111,1. 

Steel Steel Concrete      Rock 

Diauaeter 
D(cm) 20 80 600 

fall rough- 0,5% 0,15% 0,03% 8% 
neae e/D 100%      (e«0,26 mm)   (e«0,26 mm)(e«0,2 inm)(e*0,5 m) 

Charges TNT (g) between30      1»5-17,5 1,5-200 9.5-5000      21,5-92300 

^•rTL/T6* 6^05,2 
between 

^,5-/l50,7     ^,85-100,5 2,92-38,33 

Bide-on over-      Q p-?? 
pressure p(ato)     * 
between 

0,2-32 0,07-23        0,005-1,5 

x) Electrical detonation cap no 8, equivalent TNT charge 
1,5 g included. 

Table III.I.    Tcstjieecription 
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Fig_II_^i §2_£2_§i52£i££_£2S£r®*®_£H^§_ät_*®S^_§i*£<i 

Senil*       ~   ' ~"   '" '  ~~ ~~~ ' *" ' 
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Pencil shaped Lead Zirconate transducers were used 
in conduction with an oscilloscope  and  polaroid 
camera to measure pressure-time history.    These 
transducers were centermounted in the tubes/tunnel 

FiK II.5 shows the 80 cm diameter concrete tube 
ancLlI.6 a portion of the 5 cm diameter steel tube. 

Tunnel wall roughness was estimated by taking the 
percentage of the ratio e/D»  where  e is the roughness 
particle diameter and D is the tube/tunnel dia- 
meter* 

• (mean value) 

Fig.Ill,1.    Definition of roughness f   • 100% 

As for the steeltubes the roughness originated 
from corrosion*    For the concrete tube the rough- 
ness was the standard production roughness for 
PREMO-tubes,  manufactured at A/S Dalen Portland- 
Cement fabrik,  Brevik, Norway. 
The tunnel used was an abandoned railway tunnel 
with raw-detonated rock.    The tunnel had  a curva- 
ture of radius approximately 100 m.    It is thought 
that the effect of this bend can be neglected and 
the tunnel may be considered as being straight. 

III. 5    l*El22ll2-£^5rß22 
The explosive used were cylindrical pressed TNT 
charges with a hole drilled along the cylinder- 
axis to fit the electrical detonation cap no 8. 
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Detonation cap. no 8 

Pressed TNT      25 mm 
8g 

Detonation cap. 

Detonation cap. 

Pressed TNT 
50 g 

Several charges 
taped together 

Fig III.2.       T22ical_TNT-charges_used 

In a series of callhratlon tests the electrical 
detonation cap was found to be 1,5 g equivalent 
TNT   charge    as regards front pressure. 

The charges were hanging in center of tube in a 
string going through a small hole on the upper 
side of the tube.     In the tunnel tests the heavier 
charges were placed on a wooden platform as to be 
placed roughly in the center of the tunnel.    The 
different shaped charges is not believed to have 
had any significant influence on blast waves at 
longer distances (VD;b  5). 

111,4    Transducers 

The gages used were type LC-53, from Atlantic Re- 
search Corporation.    This is a pencilshaped Lead 
Zirconate and side-on pressure measuring type 
transducer.    The nominal characteristics in table 
111,2,    Typical pressure time profile from test 
in shock tube is  shown in fig.III.4-. 
The transducers were calibrated at the factory to 
within * 1% reproduclbility in the pressure range 
from 1,7 ato to 15.6 ato. 
A best fit calibration curve was used by the com- 
Suter in evaluation of frontpressure and impulse, 

p to 5^ uncertainty in calibration was deemed 
adequate in view of the larger errors introduced 
in interpreting the oscillographs. 
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Model IC-33 
STMOUD M 49195 CONHfCIOR 

RETAININC RING 
&U>USnc GENUR 

mm nmm 

Fig III.3.    5i2SSSi225_2l_±£l55_transducer 

Table  III.2 

NCMINAI CHARACTFRISTICS 

Open Circuit Receiving Sensitivity (1 Kcpb) 
db reference 1 volt microbar  -101 
Volts/psi  0.6 

"harge Sensitivity (mirromicrocoulombs psi)  2500 

Frequency.Response, flat +2 db 1 cps to 80 Kcps 

Capacitance (mirrnfararist   0.004 

DC Resistance (megohms)  >500 

Maximum Static Pressure (psi)     .      >500 

Maximum Transient Pressure (psi)  .      ~1000 

Tpmperature Range ("C)       -40 to +100 

Linearity 
Pressure *2% (. .i.)  100 
Temperature <-3% (0C)  -60 to -t-VO 

ORIENTATION FACE ON 

MEDIUM NITROGEN GAS 

PRESSURE 38 PSI 

VERTICAL 5.0 V/div 

HORIZONTAL . . .   0.02 ms/div 

Pig  III.4   TYPICAL PRESSURE-TIME PROFILE 

^ 
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III. 5    ?£§5sducer_mounting 
The  way in which the gage was mounted in the  5 
and 20 cm tube is  shown in fig.  III.5 

Coax cable 

Portion of tube 
wall Long 3A" 

tube 

Transducer 
holder 

Transducer 

Fig.III.5»    Transducer_mounted_in_^_and_20_cm_tube 

For the 5 cm and  20 cm tube onl^ one transducer 
was  mounted in  the  same  tube, but  ap  for the  80 cm 
tube  four were mounted  at  the same time,   fig.III.6. 
The  transducer body and  mounting tube  are of 
appreciable diameter compared with that of the 
smallest tube tested.     The  area constriction due 
to the 5A-in.  mounting tube in this case is  about 
14 percent.    The presence of a gage  can locally 
affect  the peak pressure  and impulse under these 
conditions. 
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Pig III.6.    Tran8ducer-mounted_in_80_c5-tube 

In the tunnel 5 transducers were mounted at the 
same time  as shown in fig.III.7. 

JuPMuJ^u^iP4-- 

bA" tu 

transducer 

"^TTyyn rf * JJlHrrrm 

Coax cable 

Bolted 

Fig III.7.    Tran8ducerjnounted_in_6_m_tunnel_in_rock 

III. 6    iS2^£H2S5lf-i22 

The electrical arrangement  shown in fig III.8 was 
followed  for the  5 and 20 cm tubes.    The  Kistler 
Charge Amplifier QModel 566)   served  in most cases 
to match the high impedance of the transducer 
( > 108 ohm)  to the oscilloscope,  a Tektronix Model 
502 A.    A Polaroid type oscilloscope camera recorded 
the trace.    In many cases a large capacity served 
as a timeconstant  increasing device. 
Triggerlr« was done by taping a loop of insulated 
wire around the charge.    In detonating the charge, 
a well-defined break of wire is obtained.    The 
uncertainty intriggeringis estimated to less rhen 
500 iAS. 
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'Charge Transducer 

Triggering wire 

Triggering 

Electrical 
detonation 

Tektronix 
502 A 

Dual Beam 
o 

Capacity  r 
Kistler 
charge 
amplifier 

Fig III.8.    §chematlc_electrical_flow-chart_for_5 
and  20 cm diameter tube tests 

For the less transient blast waves in the ^0 cm tube 
and 6 m tunnel',  a CEC recording oscillograph (Con- 
solidated Electrodynamics) was used with preferably 
fluid damped galvanometers type 7-363,  fig HI.9. 
The  galvanometer has the following specifications: 

Undamped natural frequency 
Flat   (5^) frequency range 
Undamped DC sensitivity 
Terminal resistance 

1670 Hz 
0-1000 Hz 
2 mA/inch 
69 ohm 
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Transducers 
¥    ¥ T t Kistler 

charge 
amp1.566 

Triggering 

ICEC - 5 - 124 
oscil?-ograph 
7 - 363 type 
galvanometers 

5 channels 
80 cm tube 
7 channels 
6 m tunnel 

Firing 

(Start/Stop 

Control unit 
syncronmotor 
with micro- 
switches 

Pig HI.9. Schematic_electrical_flow_chart_for 

80 cm tube and 6 "»„diamete^tunnel 

in rock tests 

Typical records from oscilloscope and oscillograph 
is shown in the reproductions in fig 111,10, 



I 

■ .».4-»4 ♦■♦-»-*»-»♦»♦ 4 » » * ♦ . 

1 
t j 1 

-♦ I 1 \    1 
I 

■n  _  C.  «rr      T   - 
jj —    CIT. «   i- - 1272 cn- D 
r _ G >- -■■ r^'^ Q 
X « 1 ms/div, V  -  0  ^T' ato/div X 

20  CT.,     L =  58? cm 

25,5 c TNT 
1  ms/div,     Y  ■   0,67  ato/div 

X 

• I i i | I | 

=80  cm,     L   =  4^,85  m,     Q  =  500  g TNT 

=  100 .'.G/div,     Y = 0,0Br   ato/div 

V^^v^Ov III I I l        i i i 
D  = 6 m,     L  =  27 m,     Q =  7 kg TNT 

X  =  100 ms/div,     Y = 0,25  ato/div 

Fig.III.10    T^£ical_records_fro2_oscillosco2e_and_oscillo£:ra2h 
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III.7 Check_of _f rontgressure jjithjjim^ o^ 

surements 

As frontpressure is uniquely determined from tabu- 
lated blast velocity data, a simple check of 
frontpressure measurements from pressure-time 
records is possible by simple velocity measure- 
ments. This was done with the 5 cm diameter tube, 
5 mm diameter holes were drilled through the wall 
with approximately 20 cm interval and selfmade 
folioswitches were taped over the holes and con- 
tact-time interval was recorded by a Hewlet- 
Packard counter.  Comparison of the two methods 
is done in fig. III.11, and the difference is 
not more than expected from the time of arrival 
measurements. 
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8    10 

Fig.III.11    22E£äri522-E£®SSHE®z^i££_m£äSuü£SeSts 
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IV. PREPARATION OF DATA 

IV,1 l9*2£B£S*5^i22_2£_tr5£S5 

As can be seen in fig III.10 the records posessed 
an irregular pressure-time trace, because of noise, 
irregularities in the blast wave because of non- 
ideal one-dimensional flow, overshoot in transducer, 
oscillograph etc.  The records were then "averaged 
by drawing a best fit smooth curve. However, the 
determination of pulse height by this method is 
estimated to give at least 5^ uncertainty. For the 
determination of the impulse the uncertainty is 
even more, approx. 20% partly because the positive 
duration, t+, is very uncertain. Definitions are 

given in fig IV.1. 

PavW 

I = impulse = | p^Jt) dt 

t(p-O) 

av< 

Fig IV. 1. 5sl!i5i*i22_2£_E2S§5S^Sr5 

^* 2 22Si2ESi25-2£_Ei2^iJr£5_^2-E222rii52£ 
The method for conversion of the pressure-time 
traces to paper-tape is described in detail in 
ref /6/. The technique is quite simple and is 
shown schematically in fig. IV.2. 
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 1 
Analog - Digital 
Converter 

Potentiometer 

Pen 

Picture 

Pig IV.2. §2l}ematic_conversion_of J2ictures_to 

gager-tagc 

Two potentiometers give voltages which is a measure 
of the x- and y-coordinates of a sufficient chosen 
number of discrete points on the averaged trace 
(typical 20 points were chosen). 

*V • ^ -:252H5£r_52£lS 

The further modification of converted data, main pro- 
grams etc. are too lengthy to be described in detail 
here, but some features will b3 mentioned. The com- 
puting was done with an UNIVAC 1107. 

The frontpressure P was picked out as the largest 

ordinate. 

The impulse of positive pressure front: 
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t+(p-0) 

I = J  Pav (t) • dt 
o 

was computed with common trapezoid-integration. 

t was found as time from pressurefront to averaged 

pressure curve again reaches zero. 
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V. RESULTS    AND    DISCUSSION 

V.1      ?£22^EE®55HE® 
Fig V.1 to V,5 presents the data relating the 
observed front  overpressure p to tube/tunnel 
position in L/D units with T«T charge weight  as 
parameter. 

From this is it  clear that  for the  same tube,  the 
higher the peak pressure, the greater the blast- 
wave attenuation. 
At  longer L/D distances the results demonstrate 
that  the attenuation is described roughly by 

k1(Po) 

(V.1)     p  »  C(po)(L/D) 

Talcing the initial pressure p    at L/D=20,  we may 
find the constants IC(PPQ)  from the  averaged  curves 
in fig V.5t   (by extrapolating straight lines back- 
wards to L/DB20 for the  5 cm tube). 
This is  shown in fig V.6.    For p20 >, 1  atm the 
functional dependence  of k^ is described by 

(V.2)    k^  "0,435 log p20 - 0,655 

and 

(V.3)    0^ 6,79 .   P20
1'61 

hence 

1 61  ,L -0»455 log p20 - 0,655 
(V.4)    p = 6,79 P20

1'61  (fl) 20 

This is shown in fig V,6 and V.7 to be rough 
approximations for the  5t  20  »A^ 80 cm diameter 
tubes for ppQ in the  region 1  t 0 200 atm  (extra- 
polated back from "long range  attenuation"  whereas 
for the attenuation tunnel in rock and POQ^  ^  atm 

for the PO cm diameter tube we do not have  this 
simple functional dependence. 
The  exponent k seems to reach a more or les~ ".on- 
"tent value for Ppn^ ^»5 atm. 
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As stated before, it is evident that attenuation 
is a function of the relative wall roughness, 

i.e. dependent on the parameter 4 .  Within the 

experimental uncertainty one would not expect 
significant difference in attenuatioti lor the 

steeltubes and the concrete tube. (*t  between 

0,05% and 0,5%). This is confirmed in fig V.6. 

The tunnel in rock with roughness j:  ^  Q%  seem to 

give more attenuation in the pressure region of 
overlapping, i.e. Ppn" ^»^ ~ ^ atm» 

Additional experiments with systematic change of 
roughness in one tube and comparison of different 
tubes with varying diameter are hopec' to be the 
next step in our series of experiments. 
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D*5cm 
8   10* 8    10* 8   ID* 

4^i;liiii|i:::t:::irTTT:;!i1rHU|!|iTtTTTri^II^ 

Fig.V.1     Front2ressure_versus_tube_£OSition_in_L/D_units 

\ 
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D=20cm 
8    10' 4 6      8    10» 

lilt 1111 iniiiiii 11■ i 

f 

8    10* 

Fig.V.2    Front2ressure_versus_tube_2osition_in_L/p_unit s 
in 20 cm tube 
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D-80cm 
8    10* 8   ID* 

4 8     8    10» 4 8      8   10* 

in 80 cm tube 
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D'ßOOcm 

Fig.V.^ üroGtE^SSHüS-Y^r^yS-^GSSl-ES^i^iS11 i£ L/D_units 
in 6 m tunnel in rock 
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DI cm] 

20 
80 
600 

Com£arison_of_front£ressure 
attenuation_for different 
tubes  and tunnel in rock 
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a D*5cm 
•     20 
A     80 
o      600 

Fig.V.6     Attenuation_constant_k1   for lon£;ran£:e 

2PQ ^-^/^-f-^Q.^roHLuiEHE^-Y'-i ■to_V.5 
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Checkinp- of the validity of the scaling; law proposed 

in chapter II.2 eq (II.9) for the front pressure 

(II.9) p = K-^j) = f(QF) 

is shown in fip-ures V.fi  to  V.12. 

The  5  cm tube result? in   fie: V.8,   20 cm  in  fig V.Q, 
80 cm  in fig V,10  and  the  6 n tunnel   in  rock  in 
fitr V.11.     The influence  of the wall   attenuation 
clearly manifests  itself  in the lowering of  the 
pressure curves with increasing L/D values.     Direct 
comparison of all   data is  given in  fig V.12. 
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The overall feature is that trie deviation from the 
ideally expected scaled smooth frontpressure curve 
is greater,   the  smaller the  tube cross  section. 

Plotcing the pressure versus  L/L with QE as para- 
meter we  may extrapolate  to  L/D—»0  and  get the 
"unattenuated"  scaled pressure   curve,   Pgo^Qr)• 

The average L/D influence on the attenuation is 
evaluated  to have  exponential behaviour as 

(V.6)  p = Pscexp  (-K •    (L/D)) 

The damping constant k depends on p  and tube/ so 
tunnel  and  is expressed as the  fractional  loss in 
frontpressure per diameter of  travel,   i.e.,  as 

(V.7)  -D(dp/dx)/p =  k 

This constant  it:  estimated in  fi£ V.I5« 

The tunnel   shows  considerably  greater wall attenua- 
tior than  the  smoother tubes, 

Emerich et  el.   in  ref /4/ gives a value 
k =  (1,4 i 0,8)   •   10"'° as  a mean value,   for a 5,5 
and 15,5  cm diameter tube with p      between 0,1  and 1 -^ so 
1 atm,  which roughly lies in  the region of our 
estimations. 
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8  h 
6 

4 

1Ö1 

8 
6 

10' 
10^ 

■D=6m 

flQcH] 
5cm 

J I—L 
6 8 10' 
^(atm) 

4    6 6 102 

Pig V.15    Fractional_ch^ge8__in_£ressure_from_scale<i 
unattenuated^curve^ger^unit^diotance^of travel 

Comparative tests done by Norwegian Defence 
Research Establishment /5/ in a tunnel in rock 
of effective diameter 4,8 - 0,5 m»  i.e.  rough- 
ness about 13% with charges ranging from 10 to 
500 kg TNT and L/D = 1,9 - 12,   shows good 
agreement with our experiments. 

V.2 Ifflßulse 

The scaling law proposed in chapter II.2 eq. 
(11.10) for the impulse I 



- 41 - 

(11.10) i-^- - g(^) - g(QE) 
LD' 

( a ■  hereafter called reduced impulse) 

Is checked with experiments in fig V.14 - V.18. 

The data here are considerably fewer than for the 

pressure which is because rarefaction waves from 

the open end of the tubes sometimes destroyed the 

correct pressure time history. 

Direct comparison at comparable distances in L/D 

units in fig V,17 and V.18 shows a significant 

lower reduced impulse for the tunnel in rock at 

large L/D (« 58) compared with the tubes. 

We may use the same procedure as described in V.1 

for the pressure letting L/D —»0 and find the 

"unattenuated" scaled impulse curve. For L/D ^ 7 

the attenuation is not significantly different for 

the tubes and tunnel in rock. 
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The scaling law proposed in chapter 11,2 eq 

(II,11) for the positive duration t+ 

t. . D^ 
(II.11) -i-^  = h(-^) = h (QE) 

is checked with experiments in fig V.19. 

We are seeing the same tendency here as for the 

impulse - lowering of the reduced positive dura- 

tion curves with increasing L/D values.  The 

wall roughness seems not to have a simple 

scaled influence. 

For L/D ^ 7 the positive duration seems to scale 

roughly for all tubes and tunnel. 

We may propose here too that loading analysis 

be made utilizing the L/D ■£ ? data only to have 
a safety factor. 
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V.4-  Time of arrival 

Time from detonation to blast wave reaches distance 
L, was found to scale as 

(11.12) 
ta . D' 

T = i (-%) = i (Qj,) 

which is checked with the experiments in fig V.20 
for all tubes and tunnel in rock. We have no signi- 
ficant deviation in this case from one smooth curve 
with increased L/D values witnin the experimental 
uncertainty 

For 10 -5 V ^ 10 -2 ms  m 
-Tg— 

and  10"^ -SL <  in -2 Ü 

the scaled curve may roughly be described by the 
straight line in the log-log plot as: 

t0 . IT Q  -1,05 
(V.8) -2-5  0.2,05 C-^) 

or 

(V.9) t. (ms) s* 2,05 
,0,1 . L1,05 

^755  



m   EÖTÖI^ i   i  i i t I hi  t=l-t*+I( p^-i   r rn rtTJ  I—r—hp -U- T 

rtt 1   1   : 1 1  ü U^i n f  1 1  "t- ■iUII 
1  -      .w    -      ' 

I — j—|—[—l 41+1 
i    '   i  ' 1               '        III 

L     1   M ! ! 1:'                  i ■H ■    i   -   — 

III %\4 1          1 i ill 
i 

105 
-"Trtr 

,! 1 
1 

i i | 

'       *    FT 

Uli LI i : 
L inkLt MM 1 darf 

' H-HB ̂
^- 

 —r-t-T 
i—1 | | j- 

"" ' '     T  "     4      T ""j 
i —[-4- ill 

V: To n = firtfVUr» Bit 1           J 1       ! 

1    1 ^c^- 
■Dyucn Ml!      I i' i 

i 
\ MIL 

I 
1 i 

irf 

i      1 

!   I fttti— ̂ N -f-H-H  

i 
nH— -"TlTf U-\  •H—  -rm TPT 1 

■ i —1—r i 
4—^-^ 1     —• 1—1—1-4 
1"ii      i   III! _ rri 3 il   \ ■ -f+f iii i Hi 1   h 

i 

\ 

i i i 

id3- 
vWiff 

L  =±= i i-L 
mlg] 

■W-t-H 1 

I 
it i 

1—H~H %l "MT — \~T\ —i—j—f— irl 
i     III itit -mi j-]--+—  ■          1—h-j—| 

III 
i Is fi 1 jl 

111 1 MM r IW ' t 

I' 1       i   1 lA^h 
i I' 1 l 

irf 
i  ' i i 
i    i 11 1     ^4^      I 

i pt [jl 
^tff ö::J  ■—)—r-ht- ■ -j     pr —1—'\~\~ %- JJ i 

(A i 

^\a    ! i -"    |      | 

1   i i 1 
—r ""M" 

arV 11 

|      | .ii     .      lib 1* i 

10'  H"T y:i_i iiii 
i 
11 
T i  

i 

— 
"Ml ftT=^4# JJ_J  ——fi 7   1^     i—     T T'I 1' ' ' -4*1—& t Al        I 

I i J 

iiii |  ;          I 1 III Ti 1 
*$ 

1 i 1! 1       i    II II N    I 
i 

i 
j 

1 

:    | * M Ü 

i(f- 
I 

i i 
rfi 1  11 *r 

i 

-FiK.V.2 0 

! 

MM — —j—|—H ̂ T 
hHtr   --f t± 

ij.n  
- 2f^ü£S§_£iE£_2i_-iTiYäi_Y£? sus t 

IT ["m    " ' e2uivalerIt_cha^£e,  W6i-£ht 

1    1 
i 

Iö1- 
i 

1 1 i 

i 
1    |o/LljflkL/Ul| 

O"5 10^ 10- KT2 ir 10 



- 51 - 

VI SUMMARY 

Frontpressure of an one-dimensional blast wave 
generated by a charge detonating in a tunnel 
scales as 

(VI.1)     p  =  f   (-%) 

with an attenuation dependent on wall roughness 
and L/D parameter. The average L/D influence 
on the "attenuation" from an "unattenuated" 
scaled pressure curve, PSO(QE^ ^/^—*0), is 
evaluated to be 

(V.2) P = Psoexp [-k(L/D)] 

Estimates of k is given in fig V.15 for different 
tubes  and tunnel in rock. 

Typical  for P-.^   1  atm,   5,     20 and 80 cm tubes 
with wall roughness 0,03  - 0,5% have 

k a (4 i  2)   •   10"5. 

For the 6 m diameter tunnel in rock, roughness 

55 8%,  k ^ (3 - 1) • 10"2. 

The reduced impulse Ecales as 

(VI.3) ^r-^ - g (A) 

with an L/D influence dependent on roughness 
sirrllar to frontpressure. 

The reduced positive duration scales as 

2 

with similar effects as described above. 
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The reduced time of arrival scales as 

2 

(VI.5) -£-*  = i (-%) 

which does not  seem to have  a significant L/S 
dependence 

-2 For      10'5^   -Ä» ^   10 

-0,1   . L1f05 
ta(mS) - 2,05 5_^  

with D(m) 
L(m) 
Q(kg TNT) 

It is recommended that loading analysis to be made 
utilizing the  "smooth tube"  or lim L/D—>0 data 
only.     It is felt that,  although roughness does 
not seem to  scale,  any roughness in a tunnel would 
tend to be a safety factor if doors,  equipment etc 
are designed to withstand  "smooth wall" loads. 

The "smooth wall" reduced parameters for the blast 
wave are presented in fig VI. 1 with rough estimates 
of the uncertainty. 
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